Limited-angle rotary micropositioning stages are required in precision engineering applications where an ultrahigh-precision rotational motion within a restricted range is needed. This paper presents the design, fabrication, and control of a compliant rotary micropositioning stage dedicated to the said applications. To tackle the challenge of achieving both a large rotational range and a compact size, a new idea of multi-stage compound radial flexure is proposed. A compact rotary stage is devised to deliver an over 10
I. INTRODUCTION
Micro-/nanopositioning is a crucial technique in the domain of precision manipulation and manufacturing, such as scanning probe microscopy, 1 lithography manufacturing, 2 and wafer alignment. 3 According to the motion type, micro-/nanopositioning can be classified into two categories in terms of translational and rotational positioning. The former attracts the attention of numerous researchers, 4, 5 since it is relatively easy to implement. Nevertheless, for many scenarios such as semiconductor manufacturing, microalignment devices, and optics devices, 6 a micro-/nanopositioning system, which is capable of precision rotary positioning is required. Unfortunately, only limited previous work can be found in the latter category. Although the stages with combined rotational and translational motion have also been investigated, 7 this paper is concentrated on rotary stages with pure rotational motion owing to their promising applications.
In order to achieve a rotary motion, the conventional gear mechanisms are usually employed. However, these traditional mechanisms suffer from the adverse effects of backlash, clearance, friction, and wear, which deteriorate the positioning accuracy of the stage. Alternatively, flexure hingebased compliant mechanisms can be employed to overcome these shortcomings. 8 Different from traditional sliding and rolling mechanisms, compliant mechanisms deliver motions by making use of elastic deformation of the material. Hence, they allow the generation of several attractive merits in terms of no backlash and clearance, no friction and wear, no need of lubrication, smooth and continuous motion, inherently infinite resolution, vacuum and cryogenic compata) Author to whom correspondence should be addressed. Electronic mail:
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ibility, and monolithic manufacturing. Several rotary stages based on compliant mechanisms have been presented in the literature. For example, a precise rotary positioner 9 was reported, which was actuated by a piezoelectric stack actuator through a displacement amplifier. This rotary stage delivers the maximum rotation of 104 μrad. In addition, a one-degree-offreedom (1-DOF) rotational flexure stage was proposed as passive joint in a H-type stage, 10 which was constructed by radial flexures [see Fig. 1(a) ]. Based on the radial flexures, a two-axis tip-tilting rotary stage 11 was presented to provide a rotational range of 7 mrad. However, the aforementioned stages employ overconstrained mechanisms, which can only offer limited rotational ranges. To achieve a large rotary angle, the cross-axis flexural pivot and cartwheel hinge can be adopted. 12 Nevertheless, these flexure joints suffer from the drawback of large center shift. That is, the rotation center experiences unwanted translation during the rotational motion. The shifted center degrades the positioning accuracy of the joints. To alleviate this issue, a "butterfly" flexure pivot 13 was devised. Recently, a rotary flexure bearing 14 was proposed by resorting to three compound radial flexures (CRFs). Nevertheless, the stage performance is unknown since no analysis was provided therein.
14 Furthermore, the foregoing works [12] [13] [14] are all dedicated to passive flexure joints, whereas neither actuation nor sensing issue was investigated.
In addition to the requirement of rotational range, a stage with a compact size is needed to operate in a limited space. Moreover, a compact stage allows the cost reduction in terms of material and machining process. Unfortunately, the existing rotary stages cannot achieve both large rotational range and compact physical size at the same time. The reason lies in that these two criteria are conflicting conditions in practice. Hence, it is challenging to devise a flexure rotary system possessing both large rotational range and compact size simultaneously.
To this end, a new concept of multi-stage compound radial flexure (MCRF) is proposed in this paper to design a novel rotary stage with both merits of large working range (over 10
• ) and compact dimension at the same time. Specifically, the stage is driven by a linear voice coil motor (VCM) and its output motion is measured by a laser displacement sensor along with a triangular calculation. As compared with other smart material-based actuators such as piezoelectric stack actuator (PSA), 15 VCM offers a large stroke at the cost of a relatively small blocking force. 16 Thus, suitable actuation and sensing schemes are addressed to facilitate the stage design procedure. In addition, for the purpose of parametric design, analytical models for performance assessment of the stage are derived, which are verified by carrying out finite element analysis (FEA) simulations. Experimental results show that the developed stage produces a larger rotational range than existing works in the literature. The negligible center shift allows a precision rotational motion around the rotation center, which is enabled by the implemented proportionalintegral-derivative (PID) feedback control. Moreover, it owns a compact size which allows a successful operation inside a limited space.
The rest of the paper is organized as follows. The design of a novel rotary stage is presented in Sec. II, where the concept of MCRF, parametric design, and actuation/sensing issues are addressed. Then, the stage performances are evaluated in Sec. III through both analytical modeling and FEA approaches. A prototype stage is fabricated as shown in Sec. IV, where the PID control algorithm is implemented and a series of experimental studies are carried out to characterize the stage performances. Finally, Sec. V concludes this paper.
II. DESIGN OF A ROTARY STAGE
To achieve a rotary motion, the radial flexure [see Fig. 1(a) ] has been popularly used 10 to construct a rotary stage as shown in Fig. 1(b) . However, the rotational range of this kind of stage is limited due to the overconstraint, which is imposed by the primary stage with a fixed size. To enlarge the rotational range, the CRFs have been employed to devise a rotary flexure bearing. 14 In this research, the concept of MCRF is presented to further increase the rotational range while maintaining a compact physical size. 
A. Mechanism design
To enlarge the rotational range, the concept of MCRF is proposed as shown in Fig. 2(a) , which is constructed by stacking N basic modules as depicted in Fig. 2(b) . Without loss of generality, N = 2 is adopted to illustrate the idea of MCRF in this research.
When an external moment M [see Fig. 2 (a)] is applied at the primary stage of the MCRF, the primary stage rotates around the remote center point C. Due to the same length l of the eight leaf flexures, these flexures undergo the identical magnitude of deformation. Moreover, a pure rotation is generated by the primary stage without parasitic motions. Instead, parasitic translations toward the primary stage along the radial direction are experienced by two secondary stages.
Based on the knowledge of mechanics of elasticity, the torsional spring constant K θ and maximum one-sided rotational angle max can be derived as follows:
where E is the Young's modulus of the material, I = bh 3 /12 is the area moment of inertia of the cross section about the neutral axis, and σ y is the yield strength of the material. In addition, r = R − l as denoted in Fig. 2 
(a).
Relationship (2) indicates that the maximum rotary angle of the MCRF is governed by the length l and width h of the leaf flexures as well as the radius R for a given material. To obtain a larger max , the conventional CRF (N = 1) should be designed with a larger length, smaller width, and larger outer radius. However, in practice, the physical parameters l and R are restricted by the compactness requirement of the stage, and h is limited by the manufacturing process and minimum stiffness requirement. Therefore, the maximum rotary angle of the proposed MCRF is enlarged by N times as compared with the conventional CRF 14 if they are constructed by leaf flexures with the same material and physical parameters (l, h, and R).
By employing three MCRFs, a novel rotary stage is designed as shown in Fig. 4 later. The actuation and sensing issues are addressed in the following discussions. 
B. Actuation issues
To produce a large rotary angle, a VCM is used to drive the rotary stage along the direction of F as shown in Fig. 3(a) . Specifying the stage rotational range as ± max , the maximum one-sided angle max should stay within the reachable maximum angle as described below so as to guarantee the safety of the material,
which is generated from (2) with N = 2. As a linear actuator, the VCM consists of a permanent magnetic stator and a moving coil which is a cylinder encompassed by a coil of copper wire [see Fig. 3(a) ]. A VCM with appropriate force and stroke capabilities is selected as follows.
Force requirement
Since the rotary stage is composed of three CRFs which are connected in parallel, the torsional stiffness of the stage can be calculated by (1) with N = 2:
To achieve the maximum one-sided rotary angle max , the required maximum force from the VCM is determined by
where D is the driving distance as shown in Fig. 3(a) .
Thus, the maximum driving force of VCM should satisfy
Stroke requirement
Referring to Fig. 3(a) , the one-sided rotary angle max is related to the one-sided stroke S max of the VCM as follows:
Hence, the stroke of VCM should meet the following requirement to ensure that the desired rotational range is achieved:
Driving distance
Instead of using a rigid connection, the VCM is connected to the rotary stage through a cartwheel flexure as shown in Fig. 3(c) . This flexure is employed to ensure an actuation along the same direction by tolerating the rotary motion of the stage. However, to produce a rotary angle , the moving coil of VCM exhibits a lateral displacement w. Since the stator of VCM is fixed at the base, this lateral displacement can be tolerated by the radial clearance δ between the moving coil and the stator, as shown in Fig. 3(b) . Practically, this clearance is very small for a VCM. Hence, to guarantee a proper actuation, the driving distance D needs to be carefully designed.
Referring to Figs. 3(a) and 3(b), when the stage is driven to produce the maximum one-sided angle max , the induced lateral translation should satisfy
which allows the determination of the driving distance,
Therefore, conditions (3), (6), (8), and (10) provide the guidelines for the design of stage parameters and selection of VCM actuator to guarantee the stage rotational range of ± max as well as the safety of material.
C. Sensing issues
The rotary angle is measured by a linear optical sensor in this research. Hence, a suitable sensing scheme needs to be devised for the rotary angle measurement.
The proposed sensing principle is graphically illustrated in Fig. 3(c) . The laser sensor is fixed with a known sensing distance H away from the rotation center C of the rotary stage. The linear displacement q of the sensing target is provided by 
which is expressed in unit of radian.
III. PERFORMANCE EVALUATION WITH SIMULATIONS
In this section, a rotary stage is designed to produce a rotational range of ±5
• . Based on the criteria as expressed by (3), (6), (8) , and (10), the stage parameters are designed as shown in Table I . The specifications of the adopted Al-7075 alloy material and VCM actuator are also presented in Table I .
A. Analytical model results
The analytical model (2) predicts that the maximum onesided rotary angle of the stage is 15.6
• . Hence, the reachable rotational range of the stage is ±15.6
• . By assigning the rotational range as ±5
• , the driving distance should meet the condition D ≤ 99.9 mm in order to make the lateral displacement of the moving coil lower than the radial clearance of δ = 0.38 mm. By selecting a distance of D = 58 mm, the needed maximum force and stroke to drive the stage are F max = 7.73 N and 2S max = 10.15 mm, which are predicted by (6) and (8), respectively.
B. FEA simulation results

Static analysis
To verify the accuracy of the established models, FEA simulations are carried out using ANSYS software package. 17 In order to evaluate the static performance of the stage, a static structural simulation is conducted by applying a force F at the input end. With a driving force of 1 N, the FEA result is illustrated in Fig. 4 .
It is observed that the required input displacement is 0.504 mm and the produced rotary angle is 0.50
• . In view of the distance D, the torsional stiffness is derived as 6.67 Nm/rad. In addition, the induced maximum stress is 13.98 MPa. Due to the isotropic property of the material, the stage performance can be deduced from these FEA results. That is, the maximum rotational range is ±17.9
• . To obtain a rotational range of ±5
• , the experienced maximum stress is σ max = 139.8 MPa, which indicates that the material has a high safety factor of σ y /σ max = 3.6. In addition, the required maximum force and stroke for the VCM are derived as shown in Table II .
Considering the FEA as the benchmark, the errors of the analytical models with respect to FEA results are calculated as depicted in Table II . It is seen that the analytical models are more conservative, since they underestimate the rotary range and required force by 12.7% and 23.0%, respectively. On the other hand, the established model accurately predicts the requirement of the actuator stroke, which is less than 0.25% deviation from the FEA result. The model errors mainly come from the assumption adopted in the analytical modeling process, i.e., only the bending deformations of the leaf flexures are considered. The modeling accuracy can be improved by resorting to a complete modeling approach. 18 
Load capability analysis
Recalling the deformation shape as shown in Fig. 4 , it is found that the secondary stages which are marked with the same numbers rotate by an identical magnitude of angle. To enhance the out-of-plane load capability of the stage, the secondary stages which are marked with the same numbers are linked together, respectively, without influencing the motion property of the primary stage. The mechanical load can be mounted on the top of the outer frame, which acts as the output platform (see Fig. 4 ) of the rotary stage. By applying an external force on the top of the output platform, the out-of-plane payload capability of the stage is tested. FEA results predict that a payload of 10.5 kg can be supported by the stage in order to maintain the outof-plane displacement below 500 μm. The experienced maximum stress is σ max = 127.5 MPa, which indicates a safety factor of σ y /σ max = 3.9 for the material.
Dynamic analysis
The model analysis is conducted to examine the dynamic performance of the rotary stage. FEA results reveal that the first mode shape is the in-plane rotation with a resonant frequency of 45.94 Hz. The second to fourth modes (161.72, 162.16, and 170.91 Hz) are attributed to the in-plane rotation of the connecting bars. Additionally, the fifth and sixth ones (364.39 and 408.21 Hz) are contributed by the out-of-plane motion.
In Sec. IV, a prototype rotary stage is presented and experimental studies are carried out to verify the stage performance.
IV. PROTOTYPE DEVELOPMENT AND EXPERIMENTAL STUDIES
A. Prototype development
A rotary stage is fabricated from Al-7075 alloy by the wire-electrical discharge machining process, and the prototype is shown in Fig. 5 . The stage owns a compact dimension with a diameter of 100 mm and thickness of 10 mm. Concerning the actuator, a VCM (model: NCC05-18-060-2X, from H2W Techniques, Inc.) is chosen to provide sufficient large driving force and stroke as shown in Table I Techniques, Inc.) is adopted as the VCM driver, which enables the selection of current or voltage driving mode. In this research, the default current mode is chosen and the components are adjusted to provide a gain of 2 A/V.
The rotary output motion is detected by a noncontact laser displacement sensor #1 (model: LK-H055, from Keyence Corp.) with a resolution of 25 nm within the measurement range of 20 mm. Another laser sensor #2 is used to measure the center shift magnitudes of the stage in two perpendicular directions (x and y) as denoted in Fig. 5 . In addition, a National Instruments (NI) cRIO-9075 real-time controller (from National Instruments Corp.) equipped with NI-9263 analog output module and NI-9870 digital interface module is adopted to produce analog excitation signals and acquire digital sensor readings, respectively. Moreover, Lab-VIEW software is employed to implement a real-time control of the rotary positioning system.
B. Open-loop performance test
Static performance
First, the rotational range of the stage is tested. By applying a 0.5 Hz sinusoidal voltage signal with an amplitude of 0.75 V to the VCM driver, a current signal of 1.5 A amplitude is produced to drive the VCM. The output position of the stage is measured by laser sensor #1. The rotary angle is derived as shown in Fig. 6(a) , which is calculated by resorting to (11) . It is observed that a rotational range of 10.8
• is achieved by the developed stage.
As the stage rotates, the magnitudes of center shift in x and y directions are measured by laser sensor #2, and the results are shown in Fig. 6(b) . It is observed that the maximum shifts are 41.78 and 28.66 μm in the x and y directions, respectively. Moreover, the overall center shift in the xy plane is plotted in Fig. 6(c) . It is found that the maximum radial shift value is less than 48 μm, which only accounts for 0.45% of the motion range of the stage. Hence, the rotary stage produces a negligible level of shift of the rotation center. 
Dynamic performance
The dynamic performance of the stage is examined by the frequency response method. Specifically, a swept-sine signal with the amplitude of 0.05 V and frequency range of 1-200 Hz is applied to the VCM driver. The frequency responses of the rotary motion are shown in Fig. 7 , which are generated by the FFT algorithm. It is found that the stage exhibits a resonant peak at the frequency of 15.0 Hz, which is lower than the value (45.9 Hz) predicted by FEA. The discrepancy between the experimental and FEA simulation results mainly arises from the added mass of the cartwheel flexure and the moving coil of VCM, which is not considered in FEA simulation. The resonant frequency can be enhanced by choosing a VCM with lower mass of the moving coil.
C. Controller design and closed-loop performance test
In the following discussions, a PID controller is designed and the closed-loop performance of the micropositioning stage is examined. The block diagram of the control system is shown in Fig. 8. 
PID controller design
The traditional PID controller is implemented as follows due to its popularity:
where t is the time variable, the displacement error e(t) = x d (t) − x(t) with x d and x representing the desired and actual system outputs, respectively. In addition, K c , T i , and T d denote the controller gain, integral time, and derivative time, respectively. In order to tune the PID controller, a fourth-order model (13) 
Positioning performance
First, the set-point positioning performance of the micropositioning system is examined using the PID controller. For a 1
• step input, the results are shown in Fig. 9(a) . It is seen that the PID control produces a 5% settling time of 0.078 s without overshoot. Hence, it enables the stage a rapid transient response. Besides, a steady-state root-mean-square (RMS) error of 1.226 μrad is yielded by the rotary stage. Moreover, a consecutive-step positioning with the step size of 2 μrad is carried out, and the results are shown in Fig. 9(b) . It is evident that the step size can be clearly identified, which reveals that the rotary positioning resolution of the system is better than 2 μrad.
Second, the tracking of a 0.5 Hz sinusoidal trajectory with 5
• amplitude which covers almost entire rotational range of the micropositioning system is carried out. The tracking results are depicted in Fig. 10 . It is found that the trajectory is accurately followed with a RMS error of 0.152
• , i.e., 1.5% of the motion range. In addition, the curve of output versus input is shown in Fig. 11 , which indicates that the closed-loop hysteresis is mitigated to 3.8% of the motion range. As compared with the open-loop result (9.6%), the PID control has significantly attenuated the hysteresis by 60%.
Next, the closed-loop frequency responses of the micropositioning system with the PID controller are evaluated. By applying a sinusoidal trajectory with the amplitude of 0.5
• and frequency increasing from 0.1 to 30 Hz, the bode plot of the PID control system is generated as shown in Fig. 12 . It is seen that large phase lag (over 90
• ) exists within the ordinary 3 dB bandwidth, which leads to large tracking errors. Alternatively, the closed-loop control bandwidth is defined as the frequency at which the phase is lagged 30
• . With the PID control, a 30
• -lag bandwidth of 5.25 Hz is obtained, which is equivalent to 35% of resonant frequency of the positioning system. Due to a relatively low bandwidth of the system, the tracking error for high frequency input is large. This is the reason why the VCM is usually employed for low frequency (less than 1 Hz) positioning applications. 16 In the future work, a damping control will be implemented to attenuate the resonant peak, and the control bandwidth of the micropositioning system is expected to be improved.
D. Discussions
Concerning the laser displacement sensor, it is claimed that the measurement will not be influenced by the inclination of the measurement target provided that the reflected light is detected by the sensor. As can be noted, the readings of sensor #2 in static tests are the combination of the center shift displacement and the surface roughness of the output stage. To verify the effectiveness of the employed sensing method and to eliminate the effect of surface roughness, the center shift value will be measured by resorting to a computer visionbased approach in the further research. Besides, the magnitude of the closed-loop positioning error (see Fig. 10 • can be attained as predicted by FEA simulation. The positioning resolution relies on the performance of the employed displacement sensor. In the next step, displacement sensors with higher resolution and lower noise will be adopted to improve the positioning resolution of the rotary micropositioning system.
The rotary stage is applicable to precision engineering where a precise rotary positioning within a restricted angle is required. For instance, the rotary stage can be adopted to construct rotating, circular microchambers, which enable the enhancement of DNA microarray hybridizations. 19 It can also act as a rotating stage of image spectrograph in a multi-spectral range camera for the construction of threedimensional models of architecture. 20 In addition, it can be used as a rotary sample holder for a fluorescence microscope, which allows the generation of images along different directions. 21 In the further research, a more compact rotary stage will be produced by resorting to an optimum architectural design for related applications.
Additionally, in view of the potential of sliding mode control (SMC) in precise motion control in the presence of model uncertainties and external disturbances, SMC scheme will be employed to enhance the performance of the micropositioning system. Further more, the idea presented in this paper can be extended to the design of multi-axis large-range rotary stages as well.
V. CONCLUSION
A compact rotary micropositioning stage with a large rotational range is designed and developed in this research.
Based on the new concept of multi-stage compound radial flexure, a novel rotary stage is devised as an example. Analytical models are established to predict the torsional stiffness, maximum rotary angle, and the required motor stroke and force, which are verified by finite element analysis. Furthermore, the stage performances are examined by several experimental studies on a fabricated prototype. Both simulation and experimental results indicate that the stage is capable of rotary positioning with a resolution of 2 μrad over 10
• range while possessing a compact size. Moreover, the large rotary angle is achieved with a negligible level of shift of the rotation center. In the further research, advanced control schemes will be realized to accomplish a more precise rotary positioning for pertinent applications.
